High-pressure synthesis is an attractive means of exploring for new materials, especially hard materials.
High-pressure synthesis is an attractive means of exploring for new materials, especially hard materials. 1) 3) Cubic silicon nitride (c-Si 3 N 4 ) with a spinel structure, discovered in 1999, 4) is a typical high-pressure phase with excellent hardness. So far, three methods have been developed for high-pressure synthesis of c-Si 3 N 4 .
5) The first is reaction of Si with N 2 under 1530 GPa at 2000 K in diamond anvil cells (DAC) equipped with laser heating. 4) The second is solid-solid conversion from low-pressure phases or precursors under a pressure of 1317 GPa in multi-anvil (MA) high-pressure cells. 6) The third is shock compression of a low-pressure phase, ¡-Si 3 N 4 or ¢-Si 3 N 4 , at above 20 GPa. 7) 12) Polysilazanes, which possess SiN backbones, have been known for decades as precursors to SiN(C) materials. 13) Among polysilazanes, perhydropolysilazane (PHPS) essentially contains only silicon, nitrogen and hydrogen and serves as a precursor for silicon nitride ceramics. 14) Since silicon nitride was fabricated via pyrolysis of polysilazanes by Seyferth et al., 15) , 16) a large number of studies on pyrolysis of polysilazanes have been published. 13 ),17)20) Pyrolysis of polysilazanes at low temperatures resulted in the formation of amorphous SiN(C) residues, whose compositions depended on the polysilazane structures and pyrolysis conditions. These amorphous SiN(C) residues crystallize to form silicon nitride upon pyrolysis at high temperatures under an inert atmosphere. The resultant phases depend on the precursor structures and pyrolysis conditions, and ¡-Si 3 N 4 was mainly formed from amorphous SiN residues prepared by pyrolysis of PHPS at relatively low temperatures. 21) The selection of starting materials is an important issue for experimental high-pressure synthesis. As concerns cubic boron nitride, amorphous boron nitride has been converted into cubic boron nitride, 22) , 23) and both positive and negative effects have been reported. Thus, it is of interest to study the effects of crystallinities of starting materials on the formation behavior of c-Si 3 N 4 . It should be noted that pyrolysis of polysilazanes at different temperatures provides both amorphous and crystalline residues. Thus, it is possible to prepare starting compounds in different states from the same polysilazane. Here, we report the effects of starting material structures on the formation behavior of c-Si 3 N 4 . c-Si 3 N 4 was prepared by shock compression of residues obtained by pyrolysis of PHPS at different temperatures. The starting materials and shockcompressed products were characterized and their relationships are discussed.
PHPS was pyrolyzed at three selected temperatures (873, 1073 and 1273 K) for 2 h under a nitrogen flow. After pyrolysis, black powders were obtained as residues (PHPS_873, PHPS_1073 and PHPS_1273).
PHPS_873, PHPS_1073 or PHPS_1273 (³7 mass % each) was mixed with an excess of copper powder (³93 mass %). The mixture was packed into a sample space (18 mm in diameter and ³2 mm thick) in a copper container (30 mm in diameter and 30 mm long) and shock-compressed with a single-stage powder gun with a 30 mm bore diameter. The peak pressures and temperatures were estimated based on the porous copper Hugoniot (Marsh 1980) and the measured impact velocity. The results were 38 GPa and ³1773 K, 37 GPa and ³1773 K and 37 GPa and ³1773 K for the experiments on PHPS_873, PHPS_1073 and PHPS_1273, respectively. The samples were removed from the containers and dispersed into nitric acid to dissolve the copper powder. After centrifugation, black powders were obtained as recovered samples (SC_PHPS_873, SC_PHPS_1073 and SC_PHPS_1273).
X-ray diffraction (XRD) patterns were obtained with a Rigaku RINT-2500 diffractometer (monochromated CuK ¡ radiation).
Infra-red (IR) spectra were recorded on a JASCO FT/IR-460 Plus spectrometer. Solid-state 29 Si nuclear magnetic resonance spectroscopy with a magic angle spinning technique ( 29 Si MAS NMR) was performed with a Bruker ASX400 spectrometer (at a frequency of 79.49 MHz, employing direct polarization with a pulse delay of 300 s and a pulse flip angle of ³/4). The shift was expressed with respect to neat tetramethylsilane. ) modes as well as intense absorption bands assignable to the¯(SiNSi) (1000800 cm ¹1 ) mode. 24) In the spectrum of PHPS_1273, absorption bands assignable to the¯(NH) and¯(SiNSi) modes are observed. The relative intensities of the¯(NH) and¯(SiH) bands decrease with an increase in the pyrolysis temperature, and the absorption band assignable to the¯(SiH) mode is absent in the spectrum of PHPS_1273.
Solid-state 29 Si MAS NMR spectra of PHPS_873, PHPS_1073 and PHPS_1273 are shown in Figs. 3(a)3(c) . In the spectra of PHPS_873 and PHPS_1073, the signals at ¹47 ppm are assignable to an SiN 4 environment. 25) In addition, shoulder signals at ¹30 to ¹40 ppm are observed and are assignable to HSiN 3 /H 2 SiN 2 environments.
26) It should be noted that the signal of PHPS_873 is broader than that of PHPS_1073. The spectrum of PHPS_1273 shows a sharp signal assignable to an SiN 4 environment, the only Si environment in ¡-Si 3 N 4 and ¢-Si 3 N 4 , at ¹47 ppm and weak signals at ¹82 and ¹100 ppm, which are ascribable to crystalline Si and SiO 3 (OH) environments, respectively. Additional diffraction lines near 2ª = 45°are assignable to (012) and (300) reflections of Cu 3 Si, which is considered to be formed from Si and Cu: Si was detected in both the starting materials and the shock-compressed products, and Cu powder was used in the shock compression. Actually, the formation of Cu 3 Si was reported for shock compression of Si powder using a Cu plate at 38 GPa and 723 K. 29) Figures 3(d)3(f ) show the solid-state 29 Si MAS NMR spectra of SC_PHPS_873, SC_PHPS_1073 and SC_PHPS_1273. In all the spectra, signals are present at ¹48 and ¹224 ppm and are ascribable to SiN 4 and SiN 6 environments, respectively. 9), 30) It is clearly demonstrated that the ¹224 ppm signal is more apparent in the spectra of SC_PHPS_873 and SC_PHPS_1073.
(NH) and¯(SiH) bands are observed in the IR spectra of PHPS_873 and PHPS_1073, indicating that PHPS_873 and PHPS_1073 contain hydrogen as NH and SiH groups. The relative intensities of these absorption bands indicate that PHPS_873 contains a larger amount of hydrogen. In the solid-state 29 Si MAS NMR spectra of PHPS_873 and PHPS_1073, shoulders are observed at ¹30 to ¹40 ppm in addition to the signals at ¹47 ppm, indicating that PHPS_873 and PHPS_1073 contain hydrogen-terminated Si environments, such as HSiN 3 and H 2 SiN 2 environments as well as an SiN 4 environment. 26) These observations are consistent with the amorphous structures shown by XRD. As is demonstrated by XRD, on the other hand, PHPS_1273 consists of ¡-Si 3 N 4 and Si. In addition, because its solid-state 29 Si MAS NMR spectrum exhibits a sharp signal at ¹47 ppm, the amount of any amorphous phase must be very small.
Reflections of c-Si 3 N 4 are observed in the XRD patterns of SC_PHPS_873, SC_PHPS_1073 and SC_PHPS_1273. Based on the relative reflection intensities, it is clear that the use of amorphous starting materials is advantageous for the formation of c-Si 3 N 4 . Solid-state 29 Si MAS NMR also reveals that the amount of the SiN 6 environment, which is unique for c-Si 3 N 4 , is larger in SC_PHPS_873 and SC_PHPS_1073 than in SC_PHPS_1273. Upon pyrolysis, PHPS can be converted into crystalline silicon nitride via an amorphous state, and the conversion involves condensation reactions. 18) As discussed above, the amorphous residues contain certain amounts of hydrogen as SiH and NH groups, indicating that the structures of the amorphous starting materials are less condensed as compared with that of crystalline silicon nitride. It was proposed that c-Si 3 N 4 was formed directly from amorphous materials.
6) Thus, we suggest that the use of amorphous residues (PHPS_873 and PHPS_1073) as starting materials, rather than a dense crystalline residue (PHPS_1273), is advantageous for the formation of c-Si 3 N 4 . These observations suggest the possibility that rearrangement of Si and N atoms in ¡-Si 3 N 4 to form c-Si 3 N 4 is more difficult than c-Si 3 N 4 formation from amorphous silicon nitride. One possible reason is the presence of hydrogen in amorphous residues: since dehydrocoupling between an NH group and an SiH group may occur at high temperatures, 18) new SiN bonds are likely to form during shock compression, leading to crystallization of dense c-Si 3 N 4 . Another possible reason may be a shock temperature difference. Amorphous states are more compressible than crystalline states, and they are subjected to higher shock temperatures than crystals when shock waves strike. Higher temperatures enhance c-Si 3 N 4 formation, especially in a limited reaction time.
Kroll et al. predicted the transformation from ¢-Si 3 N 4 to cSi 3 N 4 at 12 GPa at 0 K. Togo et al. 31) reported that a predicted phase boundary of ¢-Si 3 N 4 to c-Si 3 N 4 is present at 1213 GPa in the temperature range of 03000 K. Kuwabara et al. 32) predicted that phase transitions of ¢-Si 3 N 4 to c-Si 3 N 4 occur at 5.3 GPa and 300 K and at 6.3 GPa and 2000 K. It is generally accepted that the transformations occur at a minimum pressure of 12 GPa, 5) but experimental transformation pressures depended on such experimental conditions as the starting material, temperature and highpressure apparatus. In this study, though the estimated conversion conditions were 3738 GPa and ³1773 K, the shock-compressed products were mixtures of ¡-Si 3 N 4 , ¢-Si 3 N 4 and c-Si 3 N 4 (in addition to Si and Cu 3 Si), suggesting a discrepancy with respect to the predicted phase diagrams. This discrepancy is ascribable to the fact that the rise in temperature in samples generated by shock waves may be heterogeneous spatially and temporally, although the pressure reaches equilibrium mechanically. It should also be noted that shock compression was performed for a very limited duration, suggesting that the reactions did not reach equilibrium and that they were subject to kinetic problems. Thermodynamic predictions consequently provide no help in understanding the dynamics of phase transformations and reactions.
In In conclusion, we have studied the effects of structural differences in starting materials on the formation behavior of c-Si 3 N 4 by shock compression. The starting materials were prepared via pyrolysis of PHPS at 873, 1073 and 1273 K for 2 h under a nitrogen flow. The residues pyrolyzed at 873 and 1073 K were amorphous materials possessing SiNSi, NH and SiH bonds. The residue pyrolyzed at 1273 K was essentially a mixture of crystalline ¡-Si 3 N 4 and Si. These three starting materials were shock compressed at a pressure of 3738 GPa and ³1773 K. All the shock-compressed products contained c-Si 3 N 4 as well as ¡-Si 3 N 4 , ¢-Si 3 N 4 , Si, and Cu 3 Si. The shock-compressed products possessed SiN 4 and SiN 6 environments, the latter of which is characteristic of the spinel-type structure of c-Si 3 N 4 . Both the XRD and NMR results indicate that the amount of c-Si 3 N 4 was smaller in SC_PHPS_1273 than in the other products, suggesting that the use of amorphous materials (obtained via pyrolysis at lower temperatures) as starting materials is advantageous for conversion into c-Si 3 N 4 . These results strongly suggest that the structures of the starting materials can play an important role in the preparation of c-Si 3 N 4 by shock compression.
